INTRODUCTION
The genetic consequences of allopolyploidy are well-documented for a diverse array of angiosperms (Gottlieb, 1981 (Gottlieb, , 1982 ; classic examples involve the recently evolved allotetraploids Tragopogon mirus and T. miscellus (Roose and Gottlieb, 1976) . Allopolyploid angiosperms exhibit disomic inheritance at gene loci and "fixed heterozygosity" due to the addition of divergent genomes. In contrast, few studies have sought to elucidate the genetic consequences of autopolyploidy (Crawford, 1985; Soltis and Rieseberg, 1986 ).
Most noteworthy of the expected consequences of autopolyploidy is tetrasomic segregation (Muller, 1914; Haldane, 1930; Stebbins, 1947 Stebbins, , 1950 . Tetrasomic inheritance would theoretically enable autotetraploid populations to maintain much higher levels of heterozygosity than diploid populations and thus could contribute significantly to the success of autopolyploids in natural populations.
Tetrasomic segregation has been documented in several crop plants, including alfalfa, Medicago sativa and M. falcata (Stanford, 1951; Quiros, 1982) , cultivated potatoes, Solanum tuberosum (Howard, 1970; Martinez-Zapater and Oliver, 1984; Quiros and McHale, 1985; Swaminathan and Magoon, 1961) , and hexasomic inheritance in hexaploid timothy, Phleum pra tense (Nordenskiöld, 1953) . Tetrasomic inheritance was also demonstrated in several species of salmonid fishes, although disomic inheritance predominated at most loci examined (Allendorf and Thorgaard, 1984) .
Tetrasomic inheritance has rarely been documented in natural populations of plants. The yellow ground colour of the flower of Dahlia variabilis is inherited tetrasomically (Lawrence, 1931) . Dawson (1941) used cyanogenic markers to demonstrate tetrasomic segregation in Lotus corniculatus.
Tetrasomic inheritance of distyly was demonstrated in Turnera ulmifolia (Shore and Barrett, 1985) . Tetrasomic inheritance has been demonstrated using electrophoretic markers in the naturally occurring autotetraploids Dactylis glomerata (Lumaret, 1981 (Lumaret, , 1982 (Lumaret, , 1986 and Happlopappus spinulosus (Hauber, 1986) . We employed electrophoretic markers and tested for tetrasomic inheritance (vs. monogenic-disomic or digenicdisomic inheritance) in the naturally occurring autotetraploid Tolmiea menziesii.
Tolmiea is a monotypic genus from western North America. The single recognized species, T. menziesii (Pursh) T. & G., is a herbaceous perennial occurring in moist woods from the Pacific coast to the western side of the Cascades from northern California to southern Alaska. The species comprises diploid (2n = 14) and tetraploid (2n = 28) populations that differ in geographic distribution (Soltis, 1984) . Evidence from morphology, cytology, floral anthocyanins, flavonoid chemistry, and ribosomal RNA gene analysis indicates that tetraploid Tolmiea is of autopolyploid origin (Soltis, 1984; Soltis and Bohm, 1986; Soltis and Doyle, 1987 Young leaves from each parental plant were analyzed electrophoretically; entire seedlings were used in the study of progeny. Samples were prepared and electrophoresis conducted following the general methods of Soltis et a!. (1983) . Over 2400 progeny from 60 crosses were analyzed. The tris-HC1 grinding buffer-PVP solution of Soltis et a!. was employed; 10 per cent PVP was used. Enzyme, locus, and allele designations follow those used in an electrophoretic comparison of diploid and tetraploid populations of T. menziesii (Soltis and Rieseberg, 1986 ).
The loci Fe-I, Pgi-2, Pgm-2, Skdh, and Tpi-2 were chosen for investigation because they were highly polymorphic in natural populations. FE, PGI, and TPI were resolved on the following 0030M boric acid, pH76. Gel and electrode buffer system 9 was used for PGM and SKDH.
Staining protocols followed Soltis et a!. (1983) .
RESULTS
Electrophoretic analysis of the 21 parental plants indicated the presence of both balanced and unbalanced heterozygotes for the five loci under investigation (figs. 1-4, see also Soltis and Rieseberg, 1986 ; FE is not illustrated because it is a fluorescent, short-lived stain that is difficult to record photographically). For the monomeric enzymes FE, PGM, and SKDH, typical two-banded heterozygotes were observed at Fe-i, Pgm-2, and Skdh, exhibiting balanced staining. In addition, two other types of heterozygotes were observed, displaying unbalanced or asymmetrical staining: heterozygotes in which the faster migrating band was of greater staining intensity and heterozygotes in which the more slowly migrating band was of greater staining intensity (figs. 1 and 2).
Similar observations were made for the dimeric enzymes PGI and TPI. At Pgi-2 and Tpi-2 three different three-banded heterozygotes were observed (figs. 3 and 4; see also Soltis and Rieseberg, 1986, and Martinez-Zapater and Oliver, 1984) : (1) normal heterozygotes with the fast and slow homodimeric bands of equal staining intensity and the heterodimeric band of greatest intensity; (2) heterozygotes with the faster migrating homodimeric band of greatest staining intensity; (3) heterozygotes with the more slowly migrating homodimeric band of greatest staining intensity. Unbalanced or asymmetrical heterozygotes were not observed in diploid plants of T menziesii (Soltis and Rieseberg, 1986) . Complex heterozygotes were also observed for some of the 21 parental tetraploid plants. At Fe-i and Skdh some parental plants possessed three bands ( fig. 1 ), indicating that individual plants maintained three alleles. Three-banded heterozygotes occasionally were seen in some tetraploid individuals (not used herein) at Pgm-2 ( fig. 2 ).
These heterozygotes were always unbalanced with one of the bands more darkly staining than the remaining two bands.
Several complex heterozygous phenotypes were seen in some parental plants for ing five-banded and six-banded patterns ( fig. 3) . These patterns are discussed in detail in Soltis and . ., 2b$ 4 t.
• In a few instances, progeny were scored for gene dosage and putative genotypes assigned (table 3) .
Progeny were not normally scored for putative genotype, however, because consideration of gene dosage is not necessary to differentiate between * Also includes the reciprocal cross with 1347-3 as the pistillate parent; no difference was observed between reciprocal crosses. t Also includes the reciprocal cross with 1352-1 as the pistillate parent; no difference was observed between reciprocal crosses.
Also includes the reciprocal cross with 1347-3 as the pistillate parent; no difference was observed between reciprocal crosses. The observed progeny phenotypes and their frequencies for crosses involving three alleles at Fe-i, Pgi-2 ( fig. ii) , and Skdh and four alleles at Pgi-2 (table 2) also agree with expected ratios for tetrasomic segregation. The progeny ratios observed for crosses 1398-24x 1398-20 and VANC x 1352-1 at Fe-i and K4-2 x 1398-2 at Pgi-2 do not agree with digenic-disomic inheritance models. The ratio of progeny phenotypes observed Genetic data demonstrating tetrasomic inheritance lend additional evidence to an already strong data base indicating that tetraploid T menziesii is of autotetraploid origin. The presence of tetrasomic inheritance in tetraploid Tolmiea also indicates a lack of preferential chromosome pairing. Cytogenetic studies (Soltis, unpublished) indicate that only bivalents are present in tetraploid T menziesii at diakinesis and metaphase I. This does not preclude the possibility that multivalents are formed at an earlier meiotic stage. However, experimentally produced autotetraploids of diploid maize (Zea mays) and sorghum (Sorghum bicolor) shift from frequent multivalent formation to normal bivalent formation within a few generations (DeWet and Harlan, 1972) . Our data for Tolmiea reemphasize that the most important criterion of an autotetraploid is not the formation of quadrivalents or their frequency, but the presence of tetrasomic inheritance and the extent to which it occurs (Dawson, 1941; Stebbins, 1950 Stebbins, , 1980 . Whereas a single diploid plant can possess only two different alleles at a locus, an autotetraploid plant could theoretically have as many as four different alleles at a single locus. As a result, an autotetraploid plant could also produce more kinds of hybrid enzymes for heteromeric enzymes (i.e., exhibit enzyme multiplicity) than could a heterozygous diploid (Levin, 1983) . Furthermore, tetrasomic inheritance would also theoretically lead to the maintenance of greater heterozygosity in natural populations of autotetraploids than in their diploid progenitors (Barber, 1970; Haldane, 1930; Muller, 1914; Stebbins, 1947 Stebbins, , 1950 Stebbins, , 1980 . Tetrasomic inheritance has therefore been considered a critical feature of autopolyploids, potentially providing a genetic avenue through which autopolyploid speciation could successfully occur (Barber, 1970; Levin, 1983; Stebbins, 1980; Tal, 1980) . Although tetrasomic inheritance is considered to play a fundamental role in autopolyploid speciation, few studies have sought to demonstrate its occurrence in natural populations of plants.
Tetrasomic and higher level polysomic inheritance have been demonstrated in several crop species, such as potato, alfalfa, and timothy (MartinezZapater and Oliver, 1984; Nordenskiöld, 1953; Quiros, 1982; Quiros and McHale, 1985) , but poiysomic inheritance has seldom been demonstrated in natural plant populations. The infrequent documentation of tetrasomic segregation from natural populations may, in large part, reflect a paucity of detailed investigations rather than a rarity of occurrence.
Although autopolyploidy is almost certainly much less common than allopolyploidy in vascular plants (Grant, 1981; Clausen, Keck and Heisey, 1945; Stebbins, 1947 Stebbins, , 1950 , numerous examples of naturally occurring autopolyploids have been proposed (see Lewis, 1980 for review). However, none of these proposed examples appears to have been examined for tetrasomic (or higher level polysomic) inheritance. Given that tetrasomic inheritance is considered a critical feature not only in recognizing autopolyploids, but also in understanding the evolutionary success of these plants, electrophoretic studies and segregation analyses of other putative autotetraploids from nature are encouraged.
